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ABSTRACT

ADP-ribosylation is a posttranslational protein modification in which ADP-ribose is transferred from NAD™ to specific accep-
tors to regulate a wide variety of cellular processes. The macro domain is an ancient and highly evolutionarily conserved protein
domain widely distributed throughout all kingdoms of life, including viruses. The human TARG1/C60rf130, MacroD1, and Mac-
roD2 proteins can reverse ADP-ribosylation by acting on ADP-ribosylated substrates through the hydrolytic activity of their
macro domains. Here, we report that the macro domain from hepatitis E virus (HEV) serves as an ADP-ribose-protein hydrolase
for mono-ADP-ribose (MAR) and poly(ADP-ribose) (PAR) chain removal (de-MARylation and de-PARylation, respectively)
from mono- and poly(ADP)-ribosylated proteins, respectively. The presence of the HEV helicase in cis dramatically increases the
binding of the macro domain to poly(ADP-ribose) and stimulates the de-PARylation activity. Abrogation of the latter dramati-
cally decreases replication of an HEV subgenomic replicon. The de-MARylation activity is present in all three pathogenic posi-
tive-sense, single-stranded RNA [(+)ssRNA] virus families which carry a macro domain: Coronaviridae (severe acute respiratory
syndrome coronavirus and human coronavirus 229E), Togaviridae (Venezuelan equine encephalitis virus), and Hepeviridae
(HEV), indicating that it might be a significant tropism and/or pathogenic determinant.

IMPORTANCE

Protein ADP-ribosylation is a covalent posttranslational modification regulating cellular protein activities in a dynamic fashion
to modulate and coordinate a variety of cellular processes. Three viral families, Coronaviridae, Togaviridae, and Hepeviridae,
possess macro domains embedded in their polyproteins. Here, we show that viral macro domains reverse cellular ADP-ribosyla-
tion, potentially cutting the signal of a viral infection in the cell. Various poly(ADP-ribose) polymerases which are notorious
guardians of cellular integrity are demodified by macro domains from members of these virus families. In the case of hepatitis E
virus, the adjacent viral helicase domain dramatically increases the binding of the macro domain to PAR and simulates the de-
modification activity.

he ADP ribosyltransferase (ART) enzymes covalently attach
the ADP-ribose moiety of NAD™ to either amino acid side
chain of a target protein or a growing poly(ADP-ribose) (PAR)
chain. Downstream of this signaling event, at least four families of

A set of positive-strand RNA viruses, including Coronaviridae,
Togaviridae, and Hepeviridae, encode a macro domain. The crystal
structures of macro domains from several coronaviruses (e.g., se-
vere acute respiratory syndrome coronavirus [SARS-CoV])and

protein modules bind ADP-ribose and its metabolites: macro do-
mains, PAR binding zinc finger (PBZ) domains, WWE domains,
and the PAR binding motif (PBM) (1, 2). They participate in a
variety of cellular processes, such as DNA damage response, pro-
tein stability, assembly of stress granules, chromatin structure,
and cell death (3, 4).

In these pathways, ADP-ribose acts as a posttranslational tag
that must be efficiently added, recognized, or removed in a timely
manner. ADP-ribosylation is thus a highly dynamic and reversible
process (3). To date, three kinds of proteins have been reported to
reverse protein ADP-ribosylation: poly(ADP-ribose) glycohydro-
lases (PARG), ADP-ribosyl hydrolases (ARH), and several cellular
macro domain-containing proteins (2, 3, 5).

The macro domain fold is ancient and highly conserved
through evolution (Fig. 1). It is widely distributed throughout all
kingdoms of life, including viruses (reviewed in reference 6).
Macro domains bind to ADP-ribose, PAR, poly(A), and O-acetyl-
ADP-ribose and may act as enzymes (7-11). The human TARG1/
C60rf130 protein removes the whole PAR chain from poly(ADP)-
ribosylated proteins, including the last ADP-ribose unit cova-
lently connected to the protein surface in reactions, here termed
de-PARylation and de-MARylation for the removal of poly(ADP-
ribose) and mono-ADP-ribose (MAR), respectively (5, 11).
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Togaviridae (e.g., chikungunya virus [CHIKV] and Venezuelan
equine encephalitis virus [VEEV]) have been determined with and
without bound ADP-ribose (8, 12). These studies suggested a
close phylogenetic and most probably functional relationship be-
tween viral and cellular macro domains. Although several studies
have shown that viral macro domains carry ADP-ribose, PAR
binding, and ADR-ribose-1"-phosphate phosphatase (A1"Pase)
activities, an ADP-ribose—protein hydrolase activity has not been
demonstrated yet. Viral macro domains interact with poly(ADP-
ribose) polymerase 1 (PARPI1) in intact cells (13) and possibly
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Reversal of ADP-Ribosylation by Viral Macro Domains

Q
o &
S S L
RNE AP LS
A B D F NN P
& &L <@ °
NSRS O O N
FSLELLLLL
@ R
IR AR NN F KX
-
ORF1HEV] MeT Y PCP V. Macro| Hel RdRp -
- --
3 -
Constructs Macro (aa 768-943) —/ -
~
Hel-His-Trx (aa 931-1206) — -
- \
Macro-Hel (aa 768-1227) 1] .
C * Sk
11l 49 2.0 89 %0
Macro_HEV_sequence WLVNASNVDHR.P[GGGLICHA[F|YQRY[PA|S. . .FDAASFV.[MRDG. . . . oo ... [N.[.-[aaa...... Yi.
Macro_VEEV_3GQE VIINAANSKG.QPIGGGVICGA[LYKKF[PES. . .F..... D.LEP .. ... ... IEV[GKARLVK. . . . .. GA.
. Macro_SARS_2FAV VIVNAANIHLK.HGGGVAGA|LNKATNGA. . .MQKESDD.|[Y|IKL...NG..PLTV[G[G/S|C[LLSG. ... .. H.
MacroD2-like HCoV_229E_3EJG FIVNAANENLA . HGGGLAKALDVYTKGK. . . LQRLSKE.[HIGL...AGK..VKV[GTGVMVE. .. ... Covnn
MacroDl_human_2X47 AIVNAANSSL.LGGGGVIDGC|I|HRAAGP|L. . . LTDECRT .JLQ. « o v v ... SCKTGKAK|ITG. . . ... GY.
MacroD2_human_4IQY AIVNAANASL.LGGGGVDGC|I|HRAAGP|C. . . LLAECRN.[LN. .. ...... GCDT|GHRAK|I|TC. . ... . Y.
AF1521_archaea_2BFQ AIVNAANKRLE . HGGGVAYA|I|AKACAGDAGLYTEISKK.[AMREQFGRD . . YIDH[GE[VIV[V[TPA. . . . . . M.
YmdB_E.Coli_ 1SPV VIVNAANPSL.MGGGGVDGA|I|HRAAGPA. . . LLDACLK.[VRQQ. . .QG. .DCPTGHRAV|ITL. . .. .. AG.
PARP14_macrol_human_3071 [VVVN|SVPLDLVLSRGPLISKS|LLEKAGPE. . . LQEELDT .[V[GQG. .. .VA..VSMGTVLKTS...... SW.
0s03g0336500_rice_sequence [AIVNAANERM.LGGGGVDGA[IHRTAGPE. . .LVEACRK.[VPEV...KSGVRCPTGERAR[ITP...... AF.
c6orf130-like € c6orf130_human_2L8R SLAHCI|SEDC.RMGAGIAVLFKKKFGGV....QEL.LN.|QOK. ... ...... KSGEVAVLKR. . . ... Die somer
Ymx7_yeast_1TXZ AIVSPGNSYGY.LIGGGFDKA|L[YNYF|GGK. ..PFETWFRN[Q[. . . . . . LGGRYHTV|G[S|AIT[VVDLQRCLEEKTIEC
macroH2A.1_human_3IID AVVHPT|NTDF . YI|GGEV|GNT|LIEKKG|GKE . . . FVEAVLE .[LRKK...NG..PLEVAGAAVSA. ... .. GH. ...
macroH2A.2_human_2XD7 GIVHPT[TAEI . DLKED I|GKA[LEKAGGKE . . . FLETVKE.|L|RKS. . .QG..PLEVAERANVSQ. .. ... ss
GDAP2_human_4UML AIVNTSNESL.TDKNPVISES|IFMLAGPD. . . LKEDLQK.[LK. . ....... GCRTGERAKLITK. . . ... GF
* %
11 90 100 120 130
Macro_ HEV_sequence T[T] PRP[ITHAV]...APDYRLEHNPK. . .MIEAANIRET . . . . o v oo ... [MleT2AlYPILTGT[EIYQVPIG
Macro_VEEV_3GQE <[5 \K|H|T THA[VIGPN . . . FNKVSEVEGDKQLAEA|Y[ESIAKIVN Y|K|S VA|I|P[L|L|S T|GIIF SGNKD
. Macro_SARS_2FAV N \KK|ICLHV|[V|. . . GPNLNAGEDIQ. . .LLKAAY[EN. .. ......... QID|T L LjA[P|LIL{SA[G|IF GAKP .
MacroD2-like HCoV_229E_3EJG i RIIFNV[V|. . . GPRKGKHER. .D. . LLIKA[NT. .. .. I QIG[T P L|T|P|I|L{SC|GIFGIKLE
MacroD1_human_2X47 R <|y[VIHT[V|GPI...AYGEPSASQAAE[LRSC[Y[LSSLDLLL LR|S VAF[P|C|I|S T|GIVFGYPCE
MacroD2_human_4IQY D <|v[VIHT[V|GPI...ARGHINGSHKED|LANC[Y[KSSLKLVK 1|R|s VA[F|P|C|I|S T|G|I YGFPNE
AF1521_archaea_2BFQ N Y[VFHT[V|. . . GPICSGMWSEELKEK|L|YKAF|LGP LEKAE VIE[s I AlF|P|A[V[SA|GIYGCDLE
YmdB_E.Coli_1SPV D|LP . \KA[VVHT[V[GPV.. .WRGGEQNEDQL.|LJQDA[YLNSLRLVA. . Y|T|s VA[F[P|AT|S T|GV Y GYPRA
PARP14_macrol_human_3Q71 N|LD . YVLHV[V|. . . APEWRNGSTSSL.KIMEDI[IRECMEITE. . LIK|S T AlF[P|AT|G TGN LGFPKN
i 0s03g0336500_rice_sequence K[L|P . RVIHT[V|GPI...YDMDK. .QPEVS|LNNA[Y|TNSLKLAK. . I|Q[Y T AL[P[A/I|S C[GVYRYPP K
c6orf130-like € c6orf130_human_2L8R 2l - Y|IYY[L|I[TKK. . .RASHKPT.Y.ENLQKS|LEAMKSHCL VT L siMp|R|T|G CllLDRLQWE
Ymx7_yeast_1TXZ RDG . YT IHV[PTVVAPSAPIFNP..Q.NP|LKTGFEPVFNAMWNALMHSPKD|I|D|GL I|I|P|G[L|ICT|GlYAGVPP I
macroH2A.1_human_3IID GlLp . F|[VIHCN|SPV...WGADK..CE.EL[LEKTVKNCLALAD. .. ... L[K|S I A|F[P[S|I|GS|GRNGFPKQ
macroH2A.2_human_2XD7 GlLjA . \K|F[VIH|CHIPQ.. .WGSDK..CE.EQLEET|IKNCLSAAE. . L|K|s VA[F|P|PF|P SIGRNCFPKQ
GDAP2_human_4UML NUA. . .ARFIIHTVGPK...YKSRYRTAAESS|LYSC[YRNVLQLAK. . Ms|s VGIFICVIIN SAKRGYPLE

FIG 1 Proteins relevant to this study. Predicted macro domain (amino acids [aa] 789 to 902) and Hel domain (amino acids 974 to 1185) inside ORF1 of the HEV
genome (MeT, methyltransferase; Y, Y domain; PCP, papain-like cysteine protease; V, hypervariable proline-rich hinge; macro: macro domain; Hel, helicase;
RdARP, RNA-dependent RNA polymerase). Rectangles show the produced proteins, as indicated. (B) Coomassie blue-stained SDS-PAGE gel showing the purified
macro domain (macro-HEV), Hel (Hel-His-Trx HEV), macro-Hel, VEEV macro domain, SARS-CoV macro domain, Tetrahymena thermophila PARG, PARP5a
catalytic domain (PARP5 human), and PARP15 catalytic domain (PARP15 human). (C) Structure-based sequence alignment of selected macro domains. Red
rectangles, confirmed A1"Pase (I) or de-MARylation (II) activity; gray rectangles, no activity; blank rectangle, not tested. Activity data are based on the results of
this study and previously published data (2). Macro domains carrying both A1"Pase and de-MARylation activities are further divided into MacroD2- and
c6orf130-like subgroups, based on sequence conservation and catalytic mechanisms. Asterisks indicate important amino acids for PAR binding and/or de-
MARylation activity of the MacroD2-like subgroup. E. coli, Escherichia coli; Trx, thioredoxin.

modulate virus production (14, 15), virulence (16), apoptotic cell
death (17), and type I interferon (IFN) induction (18).

Hepatitis E virus (HEV) is the sole member of the Hepeviridae
family. It currently represents the most frequent cause of acute
viral hepatitis and jaundice in the world (19). HEV infection oc-
curs sporadically or in epidemics, causing significant morbidity
and death, especially during pregnancy, with a fatality/case rate of
up to 20% (20). No specific antiviral drug or vaccine is licensed
globally. HEV has a single-stranded positive-sense 5'-capped and
3’-polyadenylated RNA genome of 7.2 kb. The genome contains
three open reading frames (ORFs), of which ORF1 encodes the
nonstructural protein, ORF2 encodes the capsid protein, and
ORF3 encodes a small multifunctional protein (21). ORF1 is
translated into a nonstructural polyprotein of ~186 kDa. This
OREF1 polyprotein contains several putative functional domains
including a macro domain adjacent to an SF1 family RNA helicase
(Hel) domain (Fig. 1A) (22).
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The HEV macro domain is endowed with A1"Pase activity. It
binds to poly(ADP-ribose) and poly(A) in vitro (8, 9) and is a
putative IFN antagonist that modulates the host immune re-
sponse (14, 18). The recombinant HEV helicase is able to unwind
RNA duplexes bearing 5" overhangs in an ATPase-dependent
manner (23) and carries a 5" RNA triphosphatase (RTPase) activ-
ity presumably involved in RNA capping (24). Interestingly, in
addition to the macro domain, the Hel domain has also been
shown to modulate HEV pathogenicity (25-27), supposedly
through interaction with viral and/or host proteins other than
helicase-associated enzymatic activities (28).

Here, we show that the HEV macro domain can reverse auto-
ADP-ribosylation of several ARTs in vitro. Abrogation of this ac-
tivity through mutations in the macro domain dramatically de-
creases replication of an HEV subgenomic replicon in Huh7 cells.
The de-MARylation activity is also observed in macro domains
from SARS-CoV, human coronavirus 229E (HCoV-229E), and
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VEEV. The HEV helicase domain greatly stimulates binding of the
macro domain to free PAR and PARylated protein. The reversion
of cellular ADP-ribosylation by a viral macro domain suggests a
novel connection between viral enzymes and host cell signaling
proteins.

MATERIALS AND METHODS

PAR binding assay. Radiolabeled PAR was synthesized by auto-ADP-
ribosylation of the catalytic fragment of PARP5a (29). A 500-pl reaction
mixture containing 2 .M PARP5, 200 uM NAD ™, 50 wCi of [**P]NAD™
(800 Ci/mmol; PerkinElmer), 100 mM Tris (pH 8.0), 10 mM MgCl,, and
2 mM dithiothreitol (DTT) was incubated at room temperature (RT) for
2 h. The reaction mixture was used with no additional treatment for bind-
ing assays. Alternatively, free PAR was obtained by treating the reaction
product with 200 nM proteinase K at 37°C for 1 h, followed by heating at
70°C for 30 min.

PAR binding assays used either the polymer bound to PARP5a or a
protein-free preparation (9). Serial dilutions of macro domain-contain-
ing proteins were blotted onto a nitrocellulose membrane using a Mini-
fold I slot blot apparatus (Acrylic). The membrane was blocked for 1 h in
TBS-T (10 mM Tris [pH 7.4], 150 mM NaCl, and 0.05% Tween) contain-
ing 5% nonfat milk powder. The membrane was incubated for 1 h with the
poly(ADP-ribose) preparation (500 pl) diluted in 30 ml of TBS-T, sub-
jected to three 10-min washes in TBS-T, dried, and autoradiographed.

Competitive binding assays between poly(ADP-ribose) and RNA to
macro-Hel. Synthetic PAR concentration (29; also data not shown) was
determined using the following equation: [PAR] = (A,sg) cm™ /(13,500
cm~ ! M ™). PAR was analyzed using denaturing PAGE and stained with
SYBR Gold stain (S-11494; Thermo Fisher). Binding to a macro domain-
Hel fusion (macro-Hel) used fluorescein-labeled RNA (Cy3-5'-CCAGG
CGACAUCAGCG-3") in fluorescence polarization (FP) assays and stan-
dard procedures with a microplate reader (PHERAstar FS; BMG Labtech).
The K, (dissociation constant) was calculated from standard saturating
binding analysis. A competitive binding assay was carried out in 50 pl of
reaction buffer [50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM DTT, 100 nM
Cy3-RNA, 500 wM macro-Hel, and decreasing concentrations of poly-
(ADP-ribose) or unlabeled RNA (5'-CCAGGCGACAUCAGCG-3")].

De-MARylation and de-PARylation assays. Mono- or poly(ADP)-
ribosylated substrates were prepared by auto-ADP-ribosylation of the cat-
alytic fragment of PARP1, PARP3, PARP5a, PARP10, or PARP15. PARP1,
PARP3, and PARP10 PARylations and de-PARylations have been de-
scribed previously (30). For a single reaction, 0.1 uM PARP1 was used in
a 20-p final volume with either a 0.5 uM or 5 wM NAD™ concentration,
including [**P]NAD ™. The reaction was terminated with PARP1 inhibi-
tor PJ34 (2.5 pM) to avoid additional PARylation activity that could com-
pete with the de-PARylation reaction. The reaction products were then
incubated with macro domains at 0.5 pM final concentrations. For
PARP3, the final NAD" concentration in the reaction mixture was 0.5
wM. For PARP5a and PARP15, a 200-pul reaction mixture containing 2
.M PARP5a or PARP15, 5 uM (for mono-ADP-ribosylation) or 50 wM
[for poly(ADP)-ribosylation] NAD™, 50 p.Ci of [**P]NAD™" (800 Ci/
mmol; PerkinElmer), 100 mM Tris (pH 8.0), and 10 mM MgCl, was
incubated at RT for 2 h. The reaction mixture was loaded onto His-Mag
agarose beads (Merck Millipore), subjected to three 5-min washes in 200
wl of washing buffer (50 mM Tris, pH 7.5, 1 M NaCl, 10 wM ATP, and 100
uM NAD™) (31), followed by three 5-min washes in 200 pl of reaction
buffer (50 mM Tris, pH 7.5, 50 mM NaCl, 2 mM DTT, 50 mM imidazole,
and 100 uM NAD™), and finally resuspended in 100 wl of the reaction
buffer. Unless stated otherwise, de-MARylation and de-PARylation reac-
tions were performed at 30°C for 30 min or 1 h. For the mutants shown in
Table 1, quantification of released 32p_labeled ADP-ribose was done in
triplicate, and results were normalized to the value of the negative control
(wild type). After incubation, half of the reaction mixture was subjected to
SDS-PAGE (10%) to analyze the remaining radioactive signal of either
PARP15 or PARP5, and the second half was loaded on a 7 M urea-PAGE
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TABLE 1 Effect of amino acid substitutions on macro-Hel-mediated
de-MARylation of the PARP15 catalytic domain

Relative
Hel protein Location of the mutation(s) activity (%)“
Wild-type macro-Hel 100
N42A Macro domain 403 £ 7.5
G50A Macro domain 449 + 14.1
G438S G49S G50A Macro domain 8.1+56
G48S G49S Macro domain 16.5 = 3.0
GI23A Macro domain 28.7 + 4.6
1124A Macro domain 853+ 2.3
Y125F Macro domain 98.1 = 3.6
K215A Helicase domain (Walker A motif)  107.3 + 15.0
Q291A Helicase domain (motif III) 110.0 = 10.3
R321A Helicase domain (motif IITa) 90.7 £ 13.6
Q378A Helicase domain (motif Va) 90.9 £ 5.7
R401A Helicase domain (motif VI) 100.8 = 9.9
D431A Helicase domain 99.2 = 11.5

@ Compared to that of the wild-type macro-Hel, set at 100%.

(20%) gel to resolve the released products, mono- and/or poly(ADP-
ribose), which were autoradiographed (Fujifilm FLA-3000) and quanti-
tated (Image Gauge, version 4.0). Cold ADP-ribose detected by UV shad-
owing was used as a migration standard.

Replication assay. The genotype 1 Sar55/S17/luc replicon-encoding
plasmid was a kind gift from Suzanne U. Emerson (National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
MD). Huh7 cells were seeded into six-well plates at 2 X 10° cells per well
and transfected with capped Sar55/S17/luc RNA transcripts (1 g per
well) 24 h later using Lipofectin (Life Technologies) as previously de-
scribed (32). After samples were incubated for 72 h at 35°C, Gaussia lu-
ciferase activity was measured in 20 pl of culture medium with a Renilla
luciferase assay system (Promega).

RESULTS

The HEV macro domain interacts with PAR in a helicase-stim-
ulated manner. Macro domains, e.g., MacroD1 and viral macro
domains of HEV, Semliki Forest virus (SFV), VEEV, and SARS-
CoV, bind PAR (9, 12). Since these domains are often included in
multidomain proteins, we assessed the binding ability of the
macro domain, Hel, and macro-Hel from HEV to PAR and the
poly(ADP)ribosylated-PARP5a catalytic domain. The macro-Hel
fusion strongly binds PAR and poly(ADP)-ribosylated PARP5a,
whereas either the macro domain or helicase domain alone does
not (Fig. 2A).

Replacing N42, G50, G123, and Y125 with alanine (A) residues
dramatically decreased the binding of macro-Hel to PAR (Fig.
2B), whereas mutations within the helicase domain did not (data
not shown). The PAR binding ability of the VEEV macro domain
was compared using the same assay. An approximately 10-fold-
weaker PAR binding is observed for VEEV than for macro-Hel
(Fig. 2C): loss of detectable binding occurs around 62 nM and 8
nM, respectively. The presence of the helicase domain confers a
PAR-binding ability to the HEV macro-Hel construct that is
much higher than that of the VEEV or HEV macro domain alone.

Since helicases bind RNA and DNA, the competition between
PAR and a labeled RNA was measured to further understand the
binding mode of macro-Hel to PAR. Exogenous PAR inhibits the
binding of a labeled RNA to macro-Hel, with a potency similar to
that of RNA (Fig. 2D) (apparent K; of PAR [K; spppary] = 7.4 = 2
KM K; A pp(untabeled Rva) = 6.0 £ 1.1 wM), indicating that the HEV
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FIG 2 PAR binding studies. **P-labeled PARylated PARP5a or free PAR was incubated with decreasing concentrations of proteins, dot blotted, and imaged. (A)
Binding of the macro domain, Hel, and macro-Hel of HEV to PARylated PARP5a and free PAR. (B) Effects of mutations on the binding of macro-Hel to free PAR.
(C) Binding of the HEV macro domain, macro-Hel (HEV), and the VEEV macro domain to free PAR. (D) Poly(ADP-ribose) competitively inhibits the binding

of Cy3-labeled RNA to macro-Hel. WT, wild type.

helicase domain in cis helps the binding of PAR and/or RNA,
possibly by a common binding surface.

The HEV macro domain removes PAR from poly(ADP)-ri-
bosylated ART substrates. We tested the ability of the macro do-
main, Hel, and macro-Hel to remove PAR attached to the catalytic
domain of PARP5a (Fig. 3A). Macro domain and macro-Hel pro-
teins remove PAR chains from poly(ADP)-ribosylated PARP5a, as
judged by a decrease in radiolabel from this protein (Fig. 3A, top)
with a concomitant increase of free PAR (Fig. 3A, bottom). Sub-
stitutions of the three conserved glycines (positions 48, 49, and 50)
of the macro domain (Fig. 1A) decrease this activity. In contrast to
PARG that acts on internal bonds within the PAR chain to release
free ADP-ribose, the macro and macro-Hel domains remove the
whole PAR chain from PARP5a. Similar results were obtained
using SARS-CoV and VEEV macro domains together with auto-
PARylated PARP1 and PARP3 substrates (data not shown). The
macro domain-mediated PAR removal activity resembles that of
the human macro domain-containing protein TARG1/c60rf130
(5, 31). We thus measured the de-MARylation activity of the
macro domain and macro-Hel.

Viral macro domains release ADP-ribose from mono-ADP-
ribosylated ART substrates. The macro and macro-Hel domains
remove the mono-ADP-ribose from a radiolabeled mono-ADP-
ribosylated PARP15 catalytic domain (Fig. 3B). The Hel domain
and human PARG are unable to do so under a variety of experi-
mental conditions (Fig. 3B). In addition, macro domains of VEEV
and SARS-CoV have a slightly higher ability to excise mono-ADP-
ribose from PARP15 than the HEV macro domain (Fig. 3B), sug-
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gesting that the reversal of ADP-ribosylation from proteins is a
common function carried by viral macro domains. To further
probe the substrate spectrum of various viral macro domains,
macro domains of VEEV, SARS-CoV, and human coronavirus
229E (HCoV-229E) were assayed using ADP-ribosylated PARP1
and PARP10 catalytic domains and compared to the already char-
acterized MacroD2. All the viral macro domains exhibit activity in
a range comparable to the activity of MacroD2 (Fig. 3C and D).
Interestingly, the macro domain from the mildly pathogenic
HCoV-229E does not show significant activity on PARP1 specifi-
cally (Fig. 3D and data not shown). Table 2 summarizes the macro
domain activities addressed in the present study.

Amino acid substitutions were introduced into the macro-Hel
domain to determine critical amino acids for macro-Hel-mediated
de-MARylation of PARP15 (Table 1). The N42A, G50A, G123A, and
I124A substitutions moderately decreased the catalytic activity of
macro-Hel toward mono-ADP-ribosylated PARP15. The G48S-
G49S and the triple G48S-G49S-G50A substitutions dramatically
decreased the activity. In light of the PAR binding results (Fig. 2),
these results suggest that N42, G50, and G123 are critical for sub-
strate binding, thereby moderating catalytic activity. The Y125A
mutation yielded an inactive enzyme (data not shown), but the
purified protein behaved anomalously in solution, an indication
that it was probably misfolded (data not shown). The Y125 posi-
tion was further studied through replacement with phenylala-
nine (F) since F is also frequently present at this position in
various macro domains (Fig. 1C). That the catalytic activity of
Y125F is comparable to that of the wild-type protein indicates
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FIG 3 Effects of HEV macro-Hel and other macro domains on PARylated PARP5 and PARP 1 and on MARylated PARP15 and PARP10. SDS-15% PAGE
(upper) and 7 M urea—20% PAGE (lower) autoradiography showing the following: de-PARylation of the PARP5a catalytic domain (PARP5cd) by T. thermophila
PARG, the macro domain, Hel (Hel-His-Trx), macro-Hel wild type and mutants G50A, G48S-G49S-G50A, and G48S-G49S (A); de-MARylation of the PARP15
catalytic domain by the human PARG, the macro domain, Hel, macro-Hel as well as by the VEEV and SARS macro domains on mono-ADP-ribosylated.
Identification of ADP-ribose was based on comigration with cold ADP-ribose detected using UV shadowing. (C) De-MARylation of the PARP10 catalytic
domain by different macro domains as observed by SDS-PAGE with Coomassie blue staining (CB) or autoradiography (**P). (D) De-PARylation of PARP1 by
different macro domains as observed by SDS-PAGE with Coomassie blue staining (CB) or autoradiography (**P). Quantifications of **P signal removed are
shown above. Error bars indicate standard deviations (n = 2). ADPr, ADP-ribose.

that the presence of an aromatic ring in this position might be The HEV helicase domain stimulates de-PARylation but not
essential for this activity. Interestingly, the double G48S-G49S  de-MARylation. We performed time courses of de-MARylation
substitution dramatically decreased the de-MARylation activ- and de-PARylation to further understand the role of the HEV
ity, with almost no effect on PAR binding (Fig. 2B), suggesting  helicase domain in these reactions. The macro and macro-Hel
that the conserved macro domain glycine loop is into or close  domains show comparable kinetics for de-MARylation (Fig. 4A
to the catalytic site. and data not shown), whereas macro-Hel shows de-PARylation

TABLE 2 Summary of macro domain activities addressed in this study”

HEV macro HEV SARS macro VEEV macro HCoV-229E macro
Activity MacroD2 MacroH2A1.1 domain macro-Hel domain domain domain
De-MARylation of PARP10cd and/or PARP15cd  + - + + + + +
De-PARylation of PARP1 and/or PARP5cd — — + + + =+ —

“ cd, catalytic domain; +, activity detected; —, no activity detected; *, low-level activity detected.
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mains. The auto-ADP-ribosylated PARP5a or -15 catalytic domain was incu-

bated with 100 nM macro domain or macro-Hel at 30°C for 1 h or 2 h. PSL-BG,
photo-stimulated luminescence counts minus background counts.

activity ~11-fold higher than that of the macro domain alone
(Fig. 4B and data not shown). Single amino acid mutations within
functionally essential helicase domains, including the RNA bind-
ing site (Table 3), have no significant effect on PAR binding (data
not shown) or de-MARylation (Table 1). PAR can compete with
RNA (Fig. 2D), indicating that both polymers might bind to the
same surface. We could not find a mutation abolishing specifically
RNA binding. Single amino acid substitutions are not sufficient to
impact RNA binding to the HEV helicase (33), which generally
involves numerous atomic contacts on a protein surface. We
propose that the presence of the Hel domain stimulates de-
PARylation through PAR binding, whereas it has no effect on
de-MARylation.

TABLE 3 List of macro-Hel mutants in the helicase domain
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FIG 5 Effect on HEV replication of mutations within the macro-Hel domain.
Huh?7 cells were transfected with HEV genotype 1 Sar55/S17/luc wild-type
(WT) or capped mutant replicon RNA. Luciferase activity was measured after
72 h of incubation at 35°C.

Amino acids involved in de-MARylation and de-PARylation
are essential for HEV replication. Amino acid substitutions were
introduced into an HEV genotype 1 Sar55/S17/luc replicon. As
expected, a single amino acid K215A or R321A substitution within
the nucleoside triphosphate (NTP)-binding/hydrolysis site (Table
3) of the helicase domain completely abrogated HEV replication
in Huh7 cells (Fig. 5). Of other mutant replicons bearing a muta-
tion within the macro domain, N42A, G50A, and G123A resulted
in a moderate decrease of replication of the HEV replicon,
whereas G48S-G49S and the triple mutant G48S-G49S-G50A
showed poor replication compared to that of the wild type (~20%
and 10%, respectively). In light of the macro-Hel enzymatic as-
says, these results suggest that the macro domain fulfills an essen-
tial role in HEV replication, possibly through expression of its
de-MARylation or de-PARylation activities.

The putative catalytic mechanism de-MARylation is consis-
tent with the known Al"Pase activity. There are three docu-
mented protein families grouping hydrolases that are able to use
ADP-ribose-containing substrates (34), i.e., ARH type, PARG
type, and macro domain-containing proteins. All of these proteins
can be classified into two main groups. The first group comprises
poly(ADP-ribose) glycohydrolases like PARG and ARH3, which
act on the glycosidic ribose-ribose bond to leave MARylated pro-
teins. The second group comprises ADP-ribose protein hydrolases
like ARH1 (35), MacroD2 (11), and TARG1/c60rf130 (5), which

Relative activity (%)?

Hel protein Predicted function” Location of mutation® ATPase ssRNA binding
Wild type 100 100

K215A NTP binding Walker A motif 5.6 = 4.5 54.9 = 1.6
Q291A NTP binding Motif IIT 0 115.7 £ 7.11
R321A NTP binding Motif I1la 0414 542+ 34
Q378A NTP binding Motif Va 39.0 = 4.2 120.7 = 2.7
R401A ssRNA binding Motif VI 72.6 £ 8.6 90.7 £ 2.6
D431A ND* 79.0 £ 2.5 59 3.6

“ The function and location of mutated residues were predicted based on the sequence alignment with the SF1 helicase from tomato mosaic virus (50).
¥ The ATPase and ssSRNA binding activities were determined relative to that of the wild type, which was set as 100%. Values are means = standard deviations (n = 3).

“ND, not determined.
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FIG 6 The mode of ADP-ribose coordination in the VEEV macro domain pocket and proposed catalytic mechanism for de-MARylation activity. (A) Super-
imposition of VEEV macro domain (Protein Data Bank [PDB] accession number 3GQO) with human MacroD2 (PDB accession number 4IQY). (B) Close-up
view of the 2.6A-resolution X-ray structure of the VEEV macro domain in complex with ADP-ribose. ADP-ribose is shown with the corresponding electron
density map (light gray). Hydrogen bonds between protein and ADP-ribose are indicated by dashed lines (dark gray). The H,O molecule is coordinated by
hydrogen bonds to the 1”-OH, and oxygen from the a-phosphate is shown. (C) Proposed scheme for a catalytic mechanism (see the text for details). The 2mF, —
DE. electron density map is contoured at 1.0 0. The figure was generated using PyMOL.

cleave an ADP-ribose—amino acid bond to release an intact pro-
tein.

Crystal structure models of viral macro domains superimpose
well with many macro domains (8, 12). The spatial arrangement
of catalytic amino acid residues indicates that both SARS-CoV and
VEEV macro domains belong to the MacroD2 type (Fig. 6A).
Likewise, examination of the alignment of conserved amino acids
within viral macro domains (Fig. 1C) suggests that they all belong
to the MacroD2 family. In line with this proposition, the mono-
ADP-ribose hydrolysis activity of the macro domain and macro-
Hel, like human MacroD2 (11), is not markedly affected by the
addition of magnesium, calcium, or manganese as a cofactor (36).

A close-up of the VEEV macro domain active site and a pro-
posal for a catalytic mechanism for the hydrolase activity, similar
to that of the MacroD2 domain (36), are presented in Fig. 6B and
C. The VEEV macro domain binds ADP-ribose in a deep cleft; the
ADP-ribose is tightly coordinated by N24, G31, G32, G112, and
F114, which is in agreement with the PAR-binding results of HEV
macro-Hel. A water molecule islocated in this ADP-ribose pocket,
held in place by the hydrogen bond between the oxygen carried by
the C1” atom and the oxygen carried by the a-phosphate of ADP-
ribose. The latter, rather than an elusive Asp-His dyad (11), pre-
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sumably acts as the general base (36); as in the case of MacroD2,
this water molecule is proposed to be activated by one oxygen of
the a-phosphate of ADP-ribose, allowing the nucleophilic attack
on the C1” atom of ADP-ribose (Fig. 6C).

DISCUSSION

The macro domain is an example of a very conserved protein
domain through evolution in all kingdoms of life, including the
three positive-sense single-stranded RNA [(+)ssRNA] virus fam-
ilies Coronaviridae, Togaviridae, and Hepeviridae. All macro do-
mains contain a typical protein fold with a deep ADP-ribose bind-
ing crevice around which several enzyme activities have been
demonstrated, such as ADP-ribose deacetylation (7), de-MARy-
lation or de-PARylation (5, 11, 36), or A1"Pase (9, 37). The last
activity is generally found in the nucleus for intron processing
where rapid turnover of ADP-ribose metabolites may fine-tune
cellular ADP-ribose pools (37). The catalytic efficiency demon-
strated for the viral A1"Pase is too low and topologically inconsis-
tent with such a regulatory mechanism (8, 9).

Here, we propose that de-MARylation is the main enzyme ac-
tivity of viral macro domains. Our data reconcile both experi-
ments, demonstrating the essential role of the macro domain (15,
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38) and an altered interferon response (16, 18) with an enzymatic
activity acting on innate immunity guardians.

We had previously established that viral macro domains bind
PAR efficiently (8) but failed to detect any free PAR hydrolysis by
coronavirus, alphavirus, and HEV macro domains (8, 9). The re-
cent discovery that the human MacroD?2 is able to remove ADP-
ribose from a mono-ADP-ribosylated protein prompted us to ex-
amine this activity for viral macro domains. Our results show that
the de-MARylation activity is a common feature of at least one
macro domain from all macro domain-containing viral families
examined so far. Remarkably, these viral macro domains are also
able to remove PAR from PARylated proteins, which represents
an additional feature relative to the activity of MacroD2-like
macro domains. When the C-terminal region of the HEV macro
domain is fused to the helicase domain, as occurs in vivo, the
de-PARylation activity carried by the HEV macro domain is
greatly stimulated with a concomitant increase of affinity for PAR.
As domain design might not be optimal, this stimulation could
merely be the result of a better folding—and thus PAR bind-
ing—of the C-terminal region of the macro domain when it is
fused to the helicase. However, extensive domain design was per-
formed, from which the most stable macro domain was selected
(39). Additionally, the macro-Hel construct binds PAR and RNA
at the micromolar range (Fig. 2), whereas the active HEV macro
domain exhibits a poor affinity for either PAR or RNA (9). We
thus propose that the helicase domain serves as an auxiliary pro-
tein helping the macro domain to access its substrate with better
efficiency, a finding that could connect viral helicases to cellular
innate immunity (25, 28).

Most viral macro domains so far are homologous to the human
MacroD2 type. Hence, we infer that a related catalytic mechanism
occurs whereby an activated water molecule acts as a nucleophile
to attack a nucleophilic center (11, 36). Since MacroD2 acts on
aspartic or glutamic esters, we infer that viral macro domains ex-
hibit the same bond specificity.

Ina previous work, we showed that it is difficult to model either
a 1"-phosphate or a 1”-carboxyl ester on the bound ADP-ribose. A
mechanism similar to the one proposed here has been suggested
for Saccharomyces cerevisiae Ymx7 (40), and the A1"Pase activity
observed for most viral macro domains is consistent with such a
mechanism. The absence of de-MARylation activity of Ymx7 from
S. cerevisiae (36) confirms that an aromatic ring at position 125
(HEV numbering) is essential for the removal of mono- or poly-
(ADP-ribose) by MacroD2-like macro domains (Fig. 1C and 3E).

ARTs and ART-related proteins are thought to play significant
roles in host-virus interactions (30, 41). Some of these ART's exert
antiviral effects through a wide range of responses. For example,
the ZAP protein (PARP13), a presumably nonfunctional ART for
protein PARylation/MARylation, affects the replication of repre-
sentative viruses from several virus families, including Retroviri-
dae, Hepadnaviridae, Filoviridae, and Togaviridae (42—-45). The
PARP13 antiviral effect is mediated through recruitment of viral
RNA to promote its degradation by the exosome (46). PARP12
and its PAPR12L isoform repress viral replication through cellular
translation shutdown (47). Thus, the roles of ADP-ribosylation in
host immunity and antiviral effects might well be counteracted by
viral macro domains.

The fact that all viral macro domains belong to the MacroD2
family suggests that they all act on Asp/Glu-grafted ADP-ribose
molecules. Given the diversity of target amino acids (Lys, Arg,
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Glu, and Asp) in the cell for ADP-ribosylation and of the corre-
sponding catalytic mechanisms, this observation suggests that vi-
ral macro domains target a narrow class of ADP-ribosylated pro-
teins which respond to virus infection. PARP1, -3, -6, -10, -11, -12,
and -16 have been demonstrated to be ADP-ribosylated on car-
boxylic residues (31). Among these ARTs, atleast PARP1, -10, and
-12 have already been shown to be involved in the antiviral re-
sponse against several RNA viruses (48). Recent developments in
proteomics now enable a fine-mapping of candidates directly
ADP-ribosylated by ARTs (reviewed in reference 49). ART-medi-
ated ADP-ribosylation may reveal ADP-ribosylated proteins in-
volved in yet unknown, specific, innate antiviral response path-
ways in which viral macro domains might play a decisive role.
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